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3,282,532
STABILIZATION OF GRAVITY ORIENTED

SATELLITES
Bruce E. Tinling and Vernon K, Merrick, Los Altos Hills,
Calif., assignors to the United States of America as
represented by the Administrator of the National Aero-

nautics and Space Administration

Filed July 27, 1964, Ser. No, 385,527
14 Claims.  (ClL 244—1)

The invention described ‘herein may be manufactured
and used by or for the Government of the United States
of America for governmental purposes without the pay-
ment of any royalties thereon or therefor.

This invention relates to the stabilization of satellites
and more particularly to the passxve stabilization of gravity
oriented satellites,

In many satellite uses it is essential that some means :

be provided to maintain the satellite attitude in a specific
orientation with respect to the earth or other body around
which it is in orbit. For example, communication and
observation satellites must keep one side ‘pointed -earth-
ward at all times. Initial proposals for-stable orientation
of satellites were based upon motor-driven arrangements
of various types.

It is well known that the force of gravity will:cause "

the axis of minimum moment of inertia of a satellite to
point toward the earth throughout the orbital path of the
satellite, 'The axis or line which points to the earth or
other body about which the satellite is orbiting will also
be referred to herein as the “local vertical.” This phe-
nomenon is caused by the fact that the force of gravity
diminishes as a function of the square of the distance from
the earth. Use of this phenomenon has been proposed
for orienting satellites and is referred to as “gravity-gra-
dient” orientation,

The problem with gravity-gradient orientation -is pri-
marily one of stabilization, When the satellite -is dis-
turbed from its gravity oriented position, or.before it
settles to such a position upon initial launching, the grav-
ity-gradient will exert an earth orienting torque tending
to force the axis of minimum moment of inertia to point
to the earth. Similarly, gyroscopic forces will ‘tend to
force the axis of maximum moment of inertia into a posi-
tion normal to the orbital plane. The difficulty arises
from the fact that when the gravity-gradient and gyro-
scopic orienting forces act on the satellite to orient the
axes of minimum and maximum moment of inertia they
inherently overcorrect. Thus, an oscillating condition is
set up and will last relatively indefinitely because there is
substantially no damping force in space.

The problem of stabilization of gravity oriented: satel-
lites has been recognized in the past, and proposals have
been made for solving the problem. One of the most.in-
teresting proposals is a passive stabilization system in-
volving a plurality of damper rods pivotally attached to
the satellite. Means are provided for damping the oseil-
latory motion of each of the rods relative to the satellite,
One of the damper rods is positioned on the zp:tch axls
to damp out oscillation about the roll axis; one is posi-
tioned on the roll axis to damp out oscillation about the
pitch axis; and both rods are interconnected so that rela-
tive .motion between them damps out motion about the
yaw axis. _Such e prior proposal is described in an articls
by Lawrence J. Kamm, entitied “An Improved Satellite
Orientation Device,” American Rocket Society Journal,
vol. 32, June 1962,

It is an object of the present invention to provxda a
gravxty-orxented satellite having an improved system for
passive stabilization.

More specifically an object of the mventlon is to pro-
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- of -inertia of the composite body.

2

vide a gravity-oriented satellite in which a single damper
rod serves fo.damp oscillations about all of the threeortho-
gonal axes of pitch, roll, and yaw. Obviously, the single-
damper-rod solution is less expensive, more reliable and
lighter than the prior system employing two damper rods.

By way of brief description a satellite according to the
invention is-constructed to have a first axis of minimum
moment of inertia, a second axis of maximum moment
of inertia at tight angles to said first axis, and a. single
damper rod pivotally attached to the main body -of the
satellite, The damper rod, or auxiliary body, is‘a part
of the satellite and contributes to the formation of the
axes of minimum and maximum moment of inertia of
the composite satellite structure, Damping means are
provided to damp oscillations of the rod relative: to the
main body of the satellite. The main body of the satel-
lite is so constructed and the damper rod is so attached
that in its equilibrium position the damper rod is at an
angle to the axis of maximum moment of inertia of the

- composite structure, and said angle is other than 90 de-.

grees.

The basis for the ability of a single damper rod to pro-
vide damping about all three of the orthogonal axes of
maotion lies in the condition that the damper rod in
equilibrium position -must be at an angle other than 90
degrees to the axis of maximum moment of inertia of .
the composite satellite structure, The purpose and result
of the asymmetrical position of the damper rod is that
the gxis of maximum moment of inertia of the main body,
per se; will be:skewed to the axis of maximum moment
As a result, inertial
coupling is ‘obtained and will insure relative motion be-
tween the damper rod and the remainder of the satellite
regardless of the axis about which the satellite is dis-
placed as will be hereinafter discussed in more: detail.
1t is of course the damped relative motion between the
damper rod and the remainder of the satellite which dis-
sipates energy and damps out oscillations.

The various objects and features of advantage of the
invention will be described in more detail in the follow-
ing ‘detailed descnptlon w'hercm reference is made 1o
the accompanymg drawings, in which:

FIG. 1 is a diagrammatic perspectlve representanon of
a satellite according to the mventxon in orbit around the
earth;

FIG, 2'is a view similar to FIG. 1 but showing a shght-
ly modified satellite construction and omxttmg the earth;

FIG. 3ds an enlarged cross sectional view through the
satellite of FIG. 1 at the location of the damper rod;

"FIG. 4 i isa view along the line 4—4 of FIG. 3;

FIG. § is a view similar to FIG. 2 but showmg another

mbodlment of the satellite construction;

FIG, 6 is a view similar to FIG. 2 but showing the in-
vention embodied in a spherical type of satellite;

FIG. 7 is a view similar to FIG. 6 but showing 2 sec-
ond sphencal embodiment; and |

FIG. 8 is a view similar to FIG, 6 bui showing a third
spherical embodiment.

The varicus drawing figures show a number of different
shapes a satellite might embody within the practice of the
invention, It should ‘be understood that the specific
shapss shown in the drawings are merely by way of
example and are not in any way intended as depicting all
possible shapes, Further, it should be undersiood that
the main teaching of the drawings is intended to be one
of mass distribution rather than a matter of specific ex-
ternal shapes. In other words, the drawings depict a
few of the external shapés a-satellite might have if it were
made from a homogenous solid material, It will become
apparent from the following description and examples
that the basic requirement is one of mass distribution, and
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that the required distribution can be achieved with an
infinite variety of external shapes,

Referring in more detail to the drawings, FIG. 1 de-
picts a satellite 1 in orbit around the earth 2. For ref-
erence purposes a seement of the orbital plane is included
and labeled with the reference number 3. The complete
satellite construction comprises a cylindrical body 4, a
pair of axis-forming rods 5 and 6 rigidly attached to body
4, and a damper rod 7 pivotally attached to body 4. The
axis-forming rods § and 6 are aligned with each other
and project. from opposite sides of the satellite body at
right angles to the center line of the cylinder 4. Obvi-
ously, rods § and 6 could be replaced by a single rod
extending through body 4.

As is well known by those skilled in the art, the fact
that the force of gravity decreases with the square of the
distance from the earth causes the axis of minimum mo-
ment of inertia of the satellite to point toward the earth.
The mass and length of rods 5 and 6 are selected so that
the complete satellite structure will have a very pro-
nounced axis of minimum moment of inertia and that
such axis will be in line with rods 5§ and 6. Thus, when
satellite 1 is in orbit, the rods 5 and 6 will always tend to
be aligned along the earth-pointing axis 10.  Axis 10 is
identified in a number of ways for different purposes.
Thus, when the satellite is in orbit axis 10 is the yaw axis,
the axis about which yawing motion of the satellite takes
place. In addition, axis 10 is the local vertical and is
thus the basis for defining local horizontal, namely at
right angles to axis 10. Also, as previously stated axis
10 is the axis of minimum moment of inertia of the satel-
lite.

In defining the conventional three orthogonal axes of
angular motion of a moving body, the yaw axis 10 has
already been defined. ' The roll axis is of course the same
as the velocity vector of the satellite at any instant in its
orbital motion. The velocity vector and roll axis are
identified by the reference number 11. The pitch axis
is the axis through the center of the satellite at right
angles to both the yaw axis and the roll axis, and is iden-
tified by the reference number 12. As is'well known by
those skilled in the art, the dynamics of orbital motion
cause the axis of maximum moment of inertia of an orbit-
ing body to align itself normal to the orbital plane.
Thus, the axis of maximum moment of inertia of the com-
posite satellite structure coincides with the pitch axis and
is given the same reference number 12.

In order to accomplish the objectives of the invention,
the satellite must be constructed so that when the satellite
is in orbit the damper rod 7, in equilibrium position, will
be at an angle to the orbital plane 3, and that angle must
be other than 90 degrees. This is another way of saying
that the damper rod must be at an angle to the axis of
maximum moment of inertia of other than 90 degrees.
Fortunately, the forces caused by gravity and orbital mo-
tion will cause any shape satellite to be oriented with its
axis of minimum moment of inertia aligned with the local
vertical, and its axis of maximum moment of inertia nor-
mal to the orbital plane. Thus, the damper rod 7 can be
connected to the satellite body 4 in such a position that
when the satellite is in orbit the damper rod will be at an
angle to the orbital plane. The desired result is achieved
simply by placing the damper rod on the satellite body so
that the composite satellite body and damper rod will
have an axis of maximum moment of inertia 12 which is
skewed to both the rod 7 and the axis of cylinder 4.

In the case of a cylindrically shaped body 4, the desired
result is achieved by adding a damper rod 7 al some posi-
tion other than in the plane which passes through the axis
of the cylinder and through the axis of rods 5 and 6. 1If
rod 7 were in the plane which passes through the center of
the cylinder 4 and through the axis of rods 5.and 6, then
both the cylinder 4 and the damper rod 7 would lie in the
orbital plane and satisfactory damping would not be
achieved for motion about all-three of the orthogonal
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axes. In addition, rod 7 must be skewed with respect to
the centerline of the cylinder 4.

The reason that the described type of configuration is
damped about all three orthogonal axes while using only
one damper rod, lies in the fact that the axis of minimum
moment of inertia of the damper rod, per se, is skewed
relative to the orbital plane;, and the axis of maximum
moment of inertia of the remainder of the satellite is
skewed relative to the orbital plane. The composite
symmetry relative to the orbital plane; that is, the axes
satellite structure must and does of course have inertial
of inertia 10 and 12 are, respectively, in and normal to
the orbital plane. ‘The result of the inertial asymmetry
of the body 4 and rigidly attached rods 5 and 6 relative to
the orbital plane is that oscillatory motions about all of
the three orthogonal axes are strongly coupled to each
other. In this way motion about one orthogonal axis will
induce motion about all others. Thus, disturbance of the
satellite about any of the orthogonal axes 10, 11 and 12
will result in relative motion between the damper rod 7
and the body 4. This relative motion permits removal of
the disturbance energy from the satellite structure 1 by
a damping connection between the rod 7 and body 4, as
will now be described.

Any suitable damping means can be employed to dissi-
pate energy through relative motion of the rod 7 and
body 4. One suitable arrangement comprises a circle of
horseshoe magnets 16 and a metal disk 17, as shown in
FIGS. 3 and 4. The magnets are bonded in a circular
array inside the body 4, and the disk 17 is arranged for
rotary motion so that its outer portion cuts the field across
the poles of the magnets. More specifically disk 17 is
mounted on a torsional flexure pivot such as a coil spring
18. Disk 17 is firmly attached to the spring 18 so that
when the disk turns it will twist the spring. Alternative-
1y, the spring 18 could be replaced by a taut wire. The
damper rod 7 is integral with disk 17 and extends from
opposite sides thereof through slots 20 in the wall of the
body 4.

Oscillation of the satellite body 4 about any axis will
cause the damper rod 7 to pivot about the axis of spring
18. This motion causes disk 17 to cut the magnetic fields
of magnets 16 which of course induces an electrical cur-
rent in the disk. As is well known by those skilled in the
art, the induced current will generate a magnetic field,
and such field will buck the fields of magnets 16. As a
result, oscillation of disk 17 will be resisted and energy
will be dissipated. The coil spring 18 will always bias
the damper rod 7 to the equilibrium position shown in
FIGS. 1 and 3.

As will be understood from the preceding description,
the invention requires that the satellite structure, other
than the damper rod or auxiliary body, have an axis of
minimum moment of inertia, and an axis of maximum
moment of inertia. When this condition is fulfilled a
damper rod or other auxiliary body can be added such
that the axis of maximum moment of inertia of the com-
posite ‘structure will not coincide with either the axis
of maximum moment of inertia of the remainder of the
satellite structure nor with any of the principal axes of
inertia of the damper rod or any other auxiliary body
which might be employed. In this way the satellite, other
than the damper rod, will travel in orbit with its axis of
maximum moment of inertia skewed to the orbital plane,
and the damper rod will travel with its axis of minimum
moment of inertia skewed to the orbital plane. Thus, the
required inertial asymmeiry is obtained so that inertial
coupling results and the dampsr rod will move with re-
spect to the remainder of the satellite whenever the satel-
lite is displaced from its equilibrium position, regardless
of the direction of the initial displacing torque. The cylin-
drcal shape for the satellite body as shown in FIGS. 1, 2
and § is presented as one preferred embodiment because
it does, together with rods 5 and 6, have well defined
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moments of inertia with which the rod 7 can be combined
to achieve the desired composite inertial arrangement.

It should be understood that even with a preselected
main body shape for the satellite, such as a cylindrical
shape, practice of the invention is not limited to the exact
arrangemént shown in FIG. 1. For example, FIG. 1 is
arranged so that the plane of oscillation of damper rod
7 is vertical and cylindrical body 4 is horizontal. A
variety of other arrangements are possible and two such
other arrangements are shown in FIGS. 2 and 5, wherein
identical parts are identified with the same reference
numbers used in FIG. I, and slightly modified parts are
identified with the same numbers plus letter suffixes. As
indicated in FIG. 2 the plane of oscillation of rod 7 and
therefore the line of slot 20 can be skewed to vertical as
in the case of slot 20a. As a matter of fact, the plane of
oscillation of rod 7 can be at any angle from vertical
through horizontal and still provide damping of satel-
lite motion about all three of the orthogonal axes 16-12.
Naturally, the magnitude of damping of oscillation about
each of the orthogonal axis will change depending on the
specific plane of oscillation of rod 7. Thus, in a specific
case the plane of oscillation of rod 7 is selected to pro-
vide the strongest damping for motion about the orthog-
onal axis for which the greatest disturbance is expected.
Conventional mathematical techniques are available for
finding the optimum plane of oscillation of rod 7 for each
specific configuration, as well as the optimum value of
damping torque of magnets 16 and the numerous other
variables in the system.

Another possible variation for the arrangement of a
system having a cylindrical main body is shown in FIG.
5. In FIG. 5 the rods 5 and 6 which form the axis of
minimum moment of intertia have been attached to body
4 at an angle to the axis of body 4 of other than 90 de-
grees. In FIG. 1 the rods § and 6 are at an angle of 90
degrees to the axis of body 4. The difference is that in
FIG. 1 the body 4 orbits in a position which is in the local
horizontal, whereas in FIG. 5 the body 4 orbits in a posi-
tion skewed to the local horizontal.

In some cases the payload mass of a satellite is such
that it is distributed more nearly like a homogeneous
sphere than like a homogeneous cylinder. FIGS. 6-8
show a variety of suitable satellite constructions employ-
ing a spherical mass distribution for the main body. Ob-
viously, a sphere does not have any maximum or mini-
mum axes of inertia. As a result, rods or other struc-
tures must be added so that axes for maximum and mini-
mum moments of inertia exist,

More specifically FIG. 6 shows a satellite construction
ic comprising a spherical main body 4c. The axis of
minimum moment of inertia lies along rods 8¢ and 6c.
A sphere plus the rods 5c¢ and 6c does not have any fixed
axis of maximum moment of inertia, Therefore, rods
25 and 26 are added which results in an axis of maximum
moment of inertia of the satellite structure which is nor-
mal to the plane of rods 5¢, 6¢, 25 and 26, before the
damper rod 7 is added. Rods 25 and 26 are at right
angles to rods 5c and 6¢ so that the inertial arrangement
is similar to that in FIG. 1. The damper rod 7 in FIG.
6 is mounted on a disk 17 as in FIG. 3.

FIG. 7 shows an alternative arrangement for a spheri-
cal main body 44 in which the rigidly attached rods are
oriented differently from FIG. 6. More specifically in
FIG. 7 rods 27-36 are arranged in an X pattern. In this
way the axis of minimum moment of inertia is made to
bsisect the acute angle of the X pattern. The axis of
maximum moment of inerfia of the structure without the
damper rod 7 is normal to the plane of the X pattern.
Thus, when the damper rod 7 is added at any angle to
the plane of the X pattern it shifts the axis of maximum
moment of inertia of the composite structure to a posi-
tion which is not normal to the plane of the X pattern.
In this way the damper rod and the axis of maximum
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moment of inertia of the composite structure to a posi-
with respect to the axis of maximum moment of inertia
of the composite structure,

FIG. 8 shows still another embodiment of the spheri-
cal configuration. In FIG. 8 the rods extend only from
one side of the body., More specifically FIG. 8 employs
only the axis-forming rods 27 and 3¢ from FIG. 7. The
damper rod 7e also extends only from one side of the
body 4e. :

Although specific details of the present invention are
shown and described herein, it is to be understood that
modifications may ‘be made therein without departing
from the spirit and scope of the invention as set forth
in the appended claims. For example, it should be under-
stood that although the damper body has been specifically

‘defined as a rod it can have a variety of other shapes.

Although the principles involved in the invention have
been specifically described with reference to orbit about
the earth, the same principles will apply to orbit around
any body having a gravitational field, In addition, it
should be understood that although the invention has
been specifically described with a single degree of oscil-
latory freedom for the damper rod 7 relative to the re-
maining structure, desirable results would also be ob-
tained if rod 7 were connected for oscillation in two
planes. The single degree of freedom arrangement is
preferred from the standpoint of simplicity of construc-
tion.

Having thus described the invention, what is claimed
as new and desired to be secured by Letters Patent is:

1. A space satellite structure comprising a composite
main body portion and damping body portion, said com-
posite satellite structure having a first axis of minimum
moment of inertia and a second axis of maximum mo-
ment of inertia in a plane at right angles to said first axis,
and damping means biasing said damping body portion
to an equilibrium position in which said damping body
portion is at an angle to said first axis and skewed with
respect to said second axis.

2. A space satellite structure as claimed in claim 1 in
which the mass in said satellite structure is distributed as
in an elongated cylinder having ifs longitudinal axis in
said plane and at an angle to said damping body portion,
and rods rigidly attached to said cylinder and projecting
from opposite sides of said cylinder along said first axis.

3. A space satellite structure as claimed in claim 1 in
which the mass in said satellite structure is distributed as
in a sphere, rods rigidly attached to said sphere in the
form of an X with said first axis bisecting the acute angles
formed by said X, and the plane of said X being skewed
with respect to said second axis.

4. A space satellite structure as claimed in claim 1 in
which the mass in said satellite structure is distributed as
in an elongated cylinder having its longitudinal axis at an
angle to said plane and at an angle to said damping body
portion, and rods rigidly attached to said cylider and
projecting from opposite sides of said cylinder along
said first axis.

5. A space satellite structure as claimed in claim 1 in
which the mass in said structure is distributed as in a
sphere, rods rigidly attached to said sphere and project-
ing from opposite sides of the sphere along said first axis,
and additional rods rigidly attached to said sphere and
projecting from opposite sides of the sphere in the plane
of and at an angle to said damping body portion.

6. A space satellite structure as claimed in claim 1 in
which the mass in said structure is distributed as in a
sphere, two rods rigidly attached to said sphere, and said
first and second axXes being formed entirely by said damp-
ing body portion and said two rods.

7. A structure as claimed in claim 6 in which all of said
rods project from the same half of the sphere.

8. A space satellite structure comprising a first axis of
minimum moment of inertia, a second axis of maximum
moment of inertia in a plane at right angles to said first
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axis, » damper body pivotally connected to said satellite
structure for oscillation in a single plane, said damper
body forming part of said structure and confributing to
the formation of said axes, and damping means biasing
said damper body to an equilibrium position in which
said body is at an angle to said first axis .and at an angle
other than 90 degrees to said second axis.

9. A space satellite structure as claimed in claim 8 in
which said single plane is normal to said plane at right
angles to the first axis.

10. A space satellite structure as claimed in claim 8 in
which said single plane is at an angle other than 90
degrees to said plane at right angles to the first axis.

11. A space satellite structure comprising a main body
portion having an axis of maximum moment of inertia
and an axis of minimum moment of inertia, a damper
body portion connected to said main portion for relative
movement therebetween, and said main and damper por-
tions being interconnected so that when said satellite is
in orbit around a body having a gravitational field said
axis of maximum moment of inertia of said main body
portion is at an angle to the plane of said orbit other
than 90 degrees.

12. A space salellite structure comprising a main body
portion having an axis of maximum moment of inertia
and an axis of minimum moment of inertia, a damper
body portion connected to said main portion for relative
movement therebetween, and said main and damper por-
tions being interconnected so that when said satellite is in
orbit around a body having a gravitational field said axis
of minimum moment of inertia of said main body por-
tion is skewed with respect to the plane of said orbit.

13, A space satellite structure comprising .a main body
portion having an axis of maximum moment of inertia and
an axis of minimum moment of inertia, a damper body
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portion connected to said main portion for relative move-
ment therebeiween, and said main and damper portions
being interconnected so that when said satellite is in orbit
around a body having a gravitational fleld said damper
body portion is skewed with respect to the plane of said
orbit,

i4. A space satellite structure comprising a main body
portion having an axis of maximum moment of inertia
and an axis of minimum moment of inertia, a damper
body portion having an axis of minimum moment of
inertia, said main body portion and said damper body
portion being interconnected so that when said satellite is
in orbit around a body having a gravitational field, said
axis of maximum moment of inertia is skewed with re-
spect to the plane of orbit and said axis of minimum
moment of inertia of said damper body portion is skewed
with respect to said orbital plane.
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